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Abstract 



Direct measurements of vector boson pair production processes and trilinear gauge boson couplings have been conducted 
by the CDF and D0 Collaborations. Preliminary results from searches for anomalous WW/WZ — > [iv jet jet and 
W Z — > eeez^ production are presented. 95% CL anomalous coupling limits from previously published D0 results are 
-0.20 < A < 0.20 (An = 0) and -0.30 < Ak < 0.43 (A = 0) for A = 2000 GeV where the WWj couplings are assumed 
to equal the WWZ couplings. Combined D0 + LEP experiment anomalous coupling limits are presented for the first 
time. 95% CL limits arc -0.16 < A 7 < 0.10 (Ak = 0) and -0.15 < Ak 7 < 0.41 (A = 0) under the assumption that 
the couplings are related by the "HISZ" constraints. 95% CL anomalous ZZj and Z77 coupling limits from D0 are 
|/if Q | < 0.36 (/if = 0) and \hf Q \ < 0.05 (/if = 0) for A = 750 GeV. CDF reports the first observation of a ZZ event. 
Prospects for Run II are discussed. 
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Direct measurements of vector boson pair production processes and trilinear gauge boson couplings have been conducted by the 
CDF and D0 Collaborations. Preliminary results from searches for anomalous WW/WZ — * fiu jet jet and WZ — > eee^ production 
are presented. 95% CL anomalous coupling limits from previously published D0 results are —0.20 < A < 0.20 (Are = 0) and 
-0.30 < Are < 0.43 (A = 0) for A = 2000 GeV where the WWj couplings are assumed to equal the WW Z couplings. Combined D0 
+ LEP experiment anomalous coupling limits are presented for the first time. 95% CL limits are —0.16 < A 7 < 0.10 (Are = 0) and 
—0.15 < Are 7 < 0.41 (A = 0) under the assumption that the couplings arc related by the "HISZ" constraints. 95% CL anomalous 
ZZ'y and Z77 coupling limits from D0 are |ftf | < 0.36 (7if = 0) and |hf | < 0.05 (h§ = 0) for A = 750 GeV. CDF reports the 
first observation of a ZZ event. Prospects for Run II are discussed. 



1 Introduction 

The Standard Model of electroweak interactions makes 
precise predictions for the couplings between gauge 
bosons due to the non-abelian gauge symmetry of 
SU(2)l ig) U(1)y- These self-interactions are described 
by the triple gauge boson (trilinear) WWj, WWZ, Z77, 
and ZZj couplings and the quartic couplings. Deviations 
of the couplings from the Standard Model (SM) values 
would indicate the presence of new physical phenomena. 

The WWV (V = 7 or Z) vertices are described by a 
general effective Lagrangianld with two overall couplings, 
9ww-y = ~ e and gwwz — ~ e • cot 6w, and six dimcn- 
sionless couplings g\ , Ky, and Ay (V — 7 or Z), af- 
ter imposing C, P and CP invariance. Electromagnetic 
gauge invariance requires that gj = 1, which we assume 
throughout this paper. The SM Lagrangian is obtained 
by setting gj = gf = 1, ny = l(A/ty = ny — 1 = 0) and 
Ay = 0. 

A different set of parameters, motivated by SU{2) x 
U(l) gauge invariance, has been used by the LEP collabo- 
rationscl. This set consists of three independent couplings 
ctB4>-, ot\v4> and aw'- ceB<f> = Ak 7 — Agf cos 2 9w, aw<t> = 
Agf cos 2 Ow and aw = A 7 . The remaining WWZ cou- 
pling parameters Xz and Akz are determined by the re- 
lations Xz = A-v_and Akz = — Ak 7 tan 2 0w + Agf . The 
HISZ relations cl which have been used by the D0 and 
CDF collaborations are also based on this set with the 
additional constraint aB<f> — aw4>- 

The cross section with non-SM couplings grows with 
s. In order to avoid unitarity violation, the anomalous 
couplings are modified as form factors with a scale A; 

Ay(s) = (T+I^F and Akv ^ = (TTWF- 

The ZjV (V — 7 Of. Z) vertices are described by a 
general vertex function □ with eight dimensionless cou- 



plings hf (i = 1,4 ; V = 7 or Z). In the SM, all of fif's 
are zero. The form factors for these vertices, similar to 
the WWV vertices, are hf (s) — jj+jffczy;, where n — 3 
for i = l,3 and n = 4 for i = 2, 4. 

Vector boson pair production provides sensitive 
ground for direct tests of the trilinear couplings. This 
paper provides a description of recent results from D0 
and CDF, including preliminary results from searches 
for anomalous couplings in WW/WZ — > \iv jet jet and 
W Z — > eeev final states at D0, a description of a re- 
cently published, combined analysis, anomalous WW7 
and WWZ coupling result from D0, combined D0 + 
LEP anomalous WWj and WWZ couplings results (pre- 
sented for the first time), limits on anomalous Zjj and 
ZZ-f couplings from studies of -£7 final states at D0, and 
report of the observation of a ZZ — * ^MMM event at CDF 
in Run I. Prospects for Run II are discussed. 

2 Preliminary Results from D0 

2.1 Search for anomalous WW/WZ — > jiv jet jet Pro- 
duction 

This analysis searches for anomalous WW or WZ pro- 
duction using the decay signature W — ► fiv and W/Z — > 
jj. We cannot distinguish between W and Z decays to 
jets. Further, because SM WW and WZ production is 
swamped by backgrounds having this same signature, the 
analysis is sensitive only to production with anomalous 
couplings. 

We selected events with an isolated, central muon 
with p T > 20 GeV/c and with tf T > 20 GeV where the 
transverse mass Mt{^v) > 40 GeV/c 2 , indicative of a 
W boson decay. We required that the event contain at 
least two jets with E T > 20 GeV. For 224 of the 372 
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Figure 1: D0 WW/WZ — > fiu jet jet analysis. The upper plot is 
the dijet invariant mass. The lower plot is pt{^v) for events which 
pass the dijet mass selection criteria. The histogram is the data. 
The points are the background and it's uncertainty. 




Figure 2: WZ —> eeev candidate from D0. The figure shows 
the Et, represented by the height of the column, deposited in 
the central calorimeter. The three largest towers are the three 
electrons. The narrow tower shows the direction and magnitude of 
the missing transverse energy. 



candidates which survived those selection criteria, the 
invariant mass of the two highest Et jets was between 
50 and 110 GeV/c 2 , as expected from the hadronic decay 
of a W or Z boson. From Monte Carlo simulation, wc 
expected 4.04±g;^ WW events and 0.49tg;J? WZ events, 
given SM trilinear couplings. Of course, if the couplings 
are non-SM, there will be an excess of events with high- 
Pt W bosons. 

The background consists principally of W+ > 2 jets 
(117 ± 24 events expected) and multijet events with an 
accidentally isolated muon from a heavy quark decay 
(105 ± 19 events expected). Small contributions to the 
background arise from ti production. The total expected 
background is 224 ± 31 events. Figure |] shows the di- 
jet invariant mass and pT(fiv) for the data and expected 
background. 

Since we observed no excess of events in the high- 
er (z^) region, we place upper limits on anomalous 
WW'j and WW Z couplings. This is performed using 
a binned likely hood fit of the observed pt(i^v) spectrum 
to the expected pr(fiv) spectrum, given anomalous cou- 
plings plus the expected background. The 1-D 95% CL 
coupling limits are —0.45 < A < 0.46 (Art = 0) and 
-0.62 < An < 0.78 (A = 0) for A = 1500 GeV, as- 
suming the WW 7 couplings equal the WWZ couplings. 
While previous analyses have produced more restrictive 
anomalous coupling limits, these results will ultimately 
contribute to the DO combined results. 

2.2 Search for W Z — > eeev Events 

Searches for anomalous WZ production enable the pos- 
sibility of constraining the WWZ couplings independant 



of the WWj couplings. DO has searched for the process 
WZ — > eeev. Two electrons with Et > 25 GeV, one 
more electron with E T > 10 GeV, and I£t > 15 GeV 
are required in candidate events. The transverse mass of 
one electron and the must be greater the 30 GeV/c 2 . 
The invariant mass of the other two electrons must be 
between 81 and 101 GeV/c 2 . One candidate survives the 
selection criteria. 

Based on SM Monte Carlo, 0.146 ±0.011 WZ events 
are expected. The background, principally due to Z+jet 
events where the jet mimicks an electron and there is 
accidental I$t, amounts to 0.38 ± 0.14 events. Figure || 
shows the candidate's event display. One pair of electrons 
has invariant mass of 93.6 GeV/c 2 ; the transverse mass 
of the other electron and the missing Et is 74.7 GeV/c 2 . 

WZ production is more sensitive to the value of \z 
and Agf than Akz- Given one observed event and tak- 
ing into account the expected background, 95% CL lim- 
its are |A| < 2.07 (Agf = 0) and \Agf | < 2.56 (A z = 0) 
for A = 1000 GeV. Although the limits are looser than 
some of those previously measured, they are independant 
of any assumptions on the relation between WW'y and 
WWZ couplings. Ultimately, these results will help con- 
strain Agf in D0's combined limits. 

3 Combined WWj and WWZ Anomalous Cou- 
pling Limits from D0 

We have combined previously published limits on WWj 
couplings obtained from a fit to the photon Et spectrum 
in W^i events u, limits on WWZ and WWj couplings 
obtained from a fit to the Ear of the two charged leptons 
in WW — > dilepton events and limits on WWZ and 
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Coupling 


A = 1.5 TeV 


A = 2.0 TeV 


A 7 = X z (Ak 7 = Ak z = 0) 
Ak 7 = An z (A 7 = \ z = 0) 


-0.21, 0.21 
-0.33, 0.46 


-0.20, 0.20 
-0.30, 0.43 


A 7 (HISZ) (Ak 7 = 0) 
Ak 7 (HISZ) (A 7 = 0) 


-0.21, 0.21 
-0.39, 0.61 


-0.20, 0.20 
-0.37, 0.56 


X Z (SM WWj) (Ak z = Agf = 0) 
Ak z (SM WW-/) {X z = Agf = 0) 
Agf (SM IVVF 7 ) (A z = Are z = 0) 


-0.33, 0.37 
-0.46, 0.64 
-0.56, 0.86 


-0.31, 0.34 
-0.42, 0.59 
-0.52, 0.78 


A 7 (SM WWZ) (Ak 7 = 0) 
Ak 7 (SM WWZ) (A 7 = 0) 


-0.27, 0.25 
-0.63, 0.75 


-0.26, 0.24 
-0.59, 0.72 



Table 1: Limits at 95% C.L. from a simultaneous fit to the D0 W-f, WW — > dilepton and WW/W Z — > evjj data samples. The four sets 
of limits apply the same assumptions as the four components (a), (b), (c) and (d), respectively, of Fig. H. The HISZ results include the 
additional constraint ct B( p = ol W( ^. 



WW 7 couplings obtained from a fit to the pr spectrum 
of the ^electron-neutrino system in WW/WZ — ► evjj 
events 0. The results cl are shown in Tables [j] and ^ and 
in Figures || and 



Coupling 


A = 1.5 TeV 


A = 2.0 TeV 


aB<j, (aw<j> = &w = 0) 


-0.81, 0.61 


-0.77, 0.58 


aw4> (<Xb0 = otw = 0) 


-0.24, 0.46 


-0.22, 0.44 


aw (a_B0 = aw<p = 0) 


-0.21, 0.21 


-0.20, 0.20 


Agf (a Bl p = aw = 0) 


-0.31, 0.60 


-0.29, 0.57 



Table 2: Limits at 95% C.L. on a parameters from a simultaneous 
fit to the D0 IV7, WW -» dilepton and WW/WZ -* evjj data 

^ m Rfe&mbined D0 and LEP Anomalous WWj and 
WWZ Couplings 

The published results from D0 and the four LEP ex- 
periments (see the summary u by Hywel Phillips) were 
combined to produce the tightest available WWj and 
WWZ coupling limits. _lhe procedure, documented in 
detail in preprint form E3, is to add the negative log- 
likelyhoods presented as a function of trilinear coupling 
from the several LEP analyses and the combined D0 
analysis described above. The one standard deviation 
limits are obtained directly from the curves by taking 
the values of the coupling where Alog£ = +0.5 from 
the minimum. The 95% CL limit is given by the values 
of the coupling where Alog£ = +1.92. The dependen- 
cies on correlated systematic errors and on A are neg- 
ligible. Figures || and ^ show log-likelihoods and one a 
limits on A 7 and Ak 7 where one coupling is varied at a 
time and the WW Z couplings are related to the WW-/ 
couplings through the HISZ equations (without the extra 
constraint aB<f> — aw<p)- 

The 95% CL limits arc -0.16 < A 7 < 0.10 {An = 0) 
and -0.15 < Ak 7 < 0.41 (A = OV-These limits provide 
an update to the original analysisl!3 due to the inclusion 
of new LEP results. 
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Figure 3: Contour limits on anomalous couplings from a simul- 
taneous fit to the D0 data sets of W-f, WW — > dilepton, and 
WW/WZ -» evjj final states for A = 1.5 TeV: (a) Ak = Ak 7 = 
Ak z ,A = A 7 = X z ; (b) HISZ relations; (c) SM WW-y cou- 
plings; and (d) SM WWZ couplings, (a), (c), and (d) assume that 
Ag^ = 0. The solid circles correspond to 95% C.L. one-degree of 
freedom exclusion limits. The inner and outer curves are 95% C.L. 
two-degree of freedom exclusion contour and the constraint from 
the unitarity condition, respectively. In (d), the unitarity contour 
is located outside of the boundary of the plot. The HISZ results 
include the additional constraint ag^ = oiwfy- 
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Figure 4: Contour limits on anomalous couplings from a simulta- 
neous fit to the D0 data sets of the W-f, WW — * dilepton, and 
WW/WZ — » eujj final states for A = 1.5 TeV: (a) aw vs ascf, 
when aw<j> = 0; and (b) aw vs aw<j> when ag^ = 0. The solid 
circles correspond to 95% C.L. one-degree of freedom exclusion lim- 
its. The inner and outer curves are 95% C.L. two-degree of freedom 
exclusion contour and the constraint from the unitarity condition, 
respectively. 
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Z^f and ZZ Production and Anomalous ZZ^j 
and Z77 Couplings from D0 and CDF 



D0 has recently published OE3 studies of Z~f produc- 
tion using the eej, and f^fij final states. The two 
neutrino final state makes up for it's smaller integrated 
luminosity by having a larger branching fraction than the 
charged lepton mode and has the advantage that there 
are no photons radiating from the Z's decay products. 
On the other hand, in the charged-lepton decay mode 
the backgrounds are smaller and the final state can be 
completely reconstructed. 

The Zj — > vv^f analysis, with a minimum photon 
Et of 40 GeV, yielded 4 candidates with an expected 
background of 5. 8 ±1.0 events in an integrated luminosity 
of 14 pb _1 . The analysis of the charged-lepton decay 
mode yielded 29 candidates with an expected background 
of 5.4± 1.0 events in 97 pb _1 . It is interesting that there 
were two events in the charged-lepton sample with an 
~ 75 GeV photon and with an £ + £~j invariant mass 
of ~ 200 GeV/c 2 . SM Z7 production would yield two 
or more events with > 60 (70) GeV in 15% (7.3%) 
of repeats of the experiment. Also, SM Monte Carlo 
indicates the most likely Zj mass for events with E^LAn 
the range 70 to 79 GeV is 200 GeV/c 2 . CDF noted El a 
Z-f event with E^ ~ 64 GeV and MQifjij) ~ 188 GeV/c 2 
in their 20 pb _1 sample from Run la. While there is no 
evidence of non-SM physics here, it is something to keep 
one's eye on in the future. 

The tightest limits on anomalous^ Zj and Z77 cou- 
plings are those from the combined E3 D0 analyses. At 
95% CL, the Z77 limits are \hj (hj )\ < 0.37 and 
< 0.05 with A = 750 GeV. The ZZ-/ lim- 
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Figure 5: Limits on Ak 7 and the log-likelyhood curves for the 



LEP experiments, D0, and the combination, assuming A 7 



A; 



A.gf = and that Akz is determined from the HISZ relations. 
95% CL, the combined limit is -0.15 < Aft 7 < 0.41. 
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Figure 6: Limits on A 7 and log-likelyhood curves for the LEP 
experiments, D0, and the combination, assuming A 7 = Xz, and 
Ak 7 = Ak z = 0. The limits are 68% CL. At 95% CL, the com- 
bined limit is -0.16 < A 7 < 0.10. 



its are similar. 
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Figure 7: — > fifi event observed at CDF in Run I. The Et and 
locations of the muons are shown. 

6 Prospects for the Near Future and for Run II 

In the immediate future, D0 will combine the two new 
analyses with the previous, finalizing the Run I anoma- 
lous WW"/ and WW Z coupling limits. Perhaps CDF 
will finish it's Run I Wj and Z7 analyses soon. 

Presently D0 and CDF are working on their detec- 
tor upgrades for Run II. The Main Injector will allow 
the Tevatron to provide 2 fb _1 data samples to each de- 
tector at sfs = 2000 GeV. For D0, the addition of a 
solenoid magnet and new tracking system will improve 
the muon resolution. The CDF detector will have im- 
proved electron and photon acceptance in the forward 
direction. These modifications strengthen the detectors 
ability to study diboson final states. 

Limits on anomalous couplings scale by approxi- 
mately the 1/4 root of the luminosity for fixed A and 
assuming no improvement in technique. The large data 
samples will provide upwards of 3000 W~f — > £v"f events, 
700 Z7 — > ee7 + yit/ry events, 100 WW — > dileptons 
events, some 30 WZ — ► trileptons and a handful of 
ZZ — ► e's and [i's per experiment. 

CDF has already observed a ZZ event during Run I. 
Figure [7] shows their ZZ — > event. This is 

the first Z boson pair candidate recorded. They expected 
slightly less than one such event in Run I. 

Qualitatively, the W7, and perhaps, the WZ radia- 
tion zeroes will be unambiguously observed. Anomalous 
trilinear coupling limits will begin to probe the theoreti- 
cal expectations. The first measurements of quadrilinear 
couplings will be available. 



7 Summary 

Direct measurements of vector boson pair production 
processes and trilinear gauge boson couplings have been 
conducted by the CDF and D0 Collaborations. Prelim- 
inary results from searches for anomalous WW/WZ — > 
[iv jet jet and W Z — > eeev production from D0 were pre- 
sented. 95% CL anomalous coupling limits from previ- 
ously published D0 results are -0.20 < A < 0.20 (Are = 
0) and -0.30 < Ak < 0.43 (A = 0) for A = 2000 
GeV where the WWj couplings are assumed to equal 
the WW Z couplings. Combined D0 + LEP experiment 
anomalous coupling limits were presented for the first 
time. 95% CL limits are -0.16 < A 7 < 0.10 (Ak = 0) 
and —0.15 < Ak 7 < 0.41 (A = 0) under the assumption 
that the couplings are related by the "HISZ" constraints. 
95% CL anomalous ZZ^j and Z77 coupling limits from 
D0 are |/if | < 0.36 (hf = 0) and \hf \ < 0.05 (ftf = 0) 
for A = 750 GeV. CDF reports the first observation of a 
ZZ event. 

Run II, with upgrades to the CDF and D0 detectors 
and larger integrated luminosities due primarily to the 
Main Injector, will provide even more tantalizing oppor- 
tunities for studying gauge boson couplings. 
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